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The current status of early universe cosmology can be
summarized as precision, but inherently limited, data requir-
ing explanation from precision and robust theory. Speci-
cally inflation is presently the single concrete hope for solving
the early universe problem, since it is generically realizable
in quantum eld theory, but treatment of interactions needs
considerable attention. This talk reviews the importance and
progress in this direction.
I. INTRODUCTION
Early universe cosmology is a subject with limited ac-
cess to observation, since there is only so much informa-
tion that can be acquired about this time period from
our one local region in the universe. As such, a convinc-
ing theory about this time period must rely substantially
on the soundness and unambiguity of its mathematical
foundation. At present, inflation is the most hopeful idea
for developing into a theory, since it is based on quantum
eld theory, and quantum elds so far have been exclu-
sively successful in explaining the high energy world, up
to at least the TeV scale. However, consistent solutions
of inflation founded on quantum eld theory have been
allusive. Inflationary dynamics inherently is a multield
problem, since the vacuum energy that drives inflation
eventually must convert to radiation, which generally is
comprised of a variety of particle species. In the earliest
conception of inflation [1], it was pictured that inflation
would result in a isentropic expansion that would rapidly
put the universe in a supercooled thermodynamic phase.
Subsequently it was observed that supercooled inflation
is not mandatory and that nonisentropic inflationary ex-
pansion, warm inflation, also is possible [2]. Moreover,
since the main condition for inflation is ρv > ρr, where
ρv,ρr are the vacuum and radiation energy densities re-
spectively, supercooled inflation appears as a limiting
case within the general regime of warm inflation.
The most nontrivial aspect of the inflaton model is un-
derstanding the energy transfer dynamics from potential
energy to radiation. In the most commonly followed in-
flation picture, dissipative eects of the inflaton eld are
∗PPPAC Advanced Fellow
ignored throughout the inflation period, leading to a su-
percooled inflationary regime. However, from a thermo-
dynamic perspective, this picture appears very restric-
tive. The point being, even if the inflaton were to allow
a minuscule fraction of the energy to be released, say one
part in 1020, it still would constitute a signicant radia-
tion energy density component in the universe. For ex-
ample, for inflation with vacuum (i.e. potential) energy
at the GUT scale  1015−16GeV, leaking one part in 1020
of this energy density into radiation corresponds to a tem-
perature of 1011GeV, which is nonnegligible. In fact, the
most relevant lower bound that cosmology places on the
temperature after inflation comes from the success of hot
Big-Bang nucleosynthesis, which requires the universe to
be within the radiation dominated regime by T > 1GeV.
This limit can be met in the above example by dissipating
as little as one part in 1060 of the vacuum energy density
into radiation. Thus, from the perspective of both inter-
acting eld theory and basic notions of equipartition, it
appears to be a highly tuned requirement of supercooled
inflation to prohibit the inflaton from such tiny amounts
of dissipation.
These considerations have led to examining the possi-
bility of warm inflation, an inflationary regime in which
radiation also is present. Warm inflation is comprised of
non-isentropic expansion in the background cosmology
[2] and thermal seeds of density perturbations [3,4] (for
related earlier work please see [5]). During warm infla-
tion, interactions between the inflaton and other elds
cause the radiation energy density to remain substantial
due to its constant production from conversion of vac-
uum energy. This expansion regime is intrinsically dif-
ferent from the supercooled inflation regime, since warm
inflation smoothly terminates into a subsequent radiation
dominated regime, without a reheating period.
The warm inflation picture has one immediate concep-
tual advantage, that the dynamics is free of questions
about quantum-to-classical transition. The scalar infla-
ton eld is in a classical state, thus justifying the appli-
cation of a classical evolution equation, and the inflaton
fluctuations, which induce the metric perturbations, are
classical. Another problem alleviated by dissipative ef-
fects is the initial condition problem of inflation [6].
Warm inflation continues proving to be a promising
solution to the early universe problem, with now several
variants and perspectives on the basic idea [4,7]. De-
velopment of it has had two directions, which will be
addressed in this talk. First is deriving a rst principle
quantum eld theory realization of its dynamics. Second
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is determining observational tests for warm inflation.
II. FIRST PRINCIPLES ORIGIN
The earliest works looked for high temperature warm
inflation solutions, under rigid adiabatic, equilibrium
conditions [8]. Within this limited framework, one type
of warm inflation solution was obtained [8]. The high-T
regime was examined rst, since considerable methodol-
ogy was already available for treating it. However, intrin-
sically, the statistical state relevant for warm inflation
is not required to be an equilibrium state. The slowly
varying nature of the macroscopic variables in warm in-
flation cosmology suggest that the statistical state may
not be far from equilibrium, although this is something
that should be proven from the dynamics. Much work
remains in order to develop the mathematical formal-
ism necessary to address this problem. As one step in
this direction to ll the missing gaps, recently we studied
the zero temperature dissipative dynamics of interact-
ing scalar eld systems in Minkowski spacetime [9] (for
another interesting direction see [10]). This is useful to
understand, since the zero temperature limit constitutes
a baseline eect that will be prevalent in any general sta-
tistical state. The key result presented in this talk is that
for a broad range of cases, involving interaction with as
few as one or two elds, we nd dissipative regimes for
the scalar eld system. This is important for inflationary
cosmology, since it suggests that dissipation may be the
norm not exception for an interacting scalar eld sys-
tem, thus warm inflation could be a natural dynamics
once proper treatment of interactions is done.
We study the Lagrangian, where























and   ϕ+ φ such that hi = ϕ. Our aim is to obtain
the eective equation of motion for ϕ(t) and from that
determine the energy dissipated from the ϕ(t) system
into radiation.
The tadpole method, which requires hφi = 0, gives




















hkφh ψkψki = 0 . (2)
The eld expectation values in this equation are obtained
by solving the coupled set of eld equations. In our cal-
culation, we have evaluated them in a perturbative ex-
pansion using dressed Green’s functions. One general
feature of these expectation values is they will depend of
the causal history of ϕ(t), so that Eq. (2) is a temporally
nonlocal equation of motion for ϕ(t).
The general expression for the eective equation of mo-
tion is given in [9] and is very complicated. Formally, we
can examine Eq. (2) within a Markovian-adiabatic ap-
proximation, in which the equation of motion is local in
time and the motion of ϕ(t) is slow. At T = 0, such
an approximation is not rigorously valid. Nevertheless,
this approximation allows understanding the magnitude
of dissipative eects. Furthermore, we have shown in
[9] that the nonlocal eects tend to lter only increas-
ingly higher frequency components of ϕ(t) from nonlo-
cal eects increasingly further back in time. Thus for
low frequency components of ϕ(t), memory only is re-
tained to some short interval in the past. Since within
the adiabatic approximation, ϕ(t) only has low frequency
components, we believe the Markovian-adiabatic approx-
imation is legitimate at least for order of magnitude esti-
mates. Within this approximation, the eective equation
of motion for ϕ(t) has the general form
ϕ¨(t) +m2φ ϕ(t) +
λ
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ϕ3(t) + η(ϕ) _ϕ(t) = 0 , (3)
where











An alternative to the above Lagrangian based deriva-
tion, is the canonical derivation following formalism de-
veloped in the mid 80’s [11]. Although the canonical
and Lagrangian approaches should agree, the former is
far less developed in dissipative quantum eld theory,
in particular for treating interactions. Nevertheless, the
canonical approach provides useful insight, especially for
understanding the origin of particle creation. For exam-
ple, consider in the canonical approach the expectation




2xq,χj(t) + 2Reyq,χj(t) + 1
]
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where xq,χj (t) = hayq,χj (t)aq,χj (t)i is the particle num-
ber density and yq,χj(t) = haq,χj (t)a−q,χj (t)i is the o-
diagonal correlation. The evolution equations for xq,χj(t)














− 2iωq,χjyq,χj . (4)
2
To yield dissipation, it is noted in [11] that the correla-
tion amongst produced particles needs to be destroyed
suciently rapidly and _xq,χj(t) and hχj(t)i should be-
come local functions of time involving ϕ(t) and _ϕ(t).
Based on this requirement, [11] asserts that ωq,χj in
the above equation for _yq,χj(t) must have an imaginary
part, which in fact should be the χj-particle decay width,
Imωq,χj / Γq,χj . Applying these assumptions, the con-
tribution to η(ϕ) in Eq. (3) from the χj eld, say ηχj (ϕ),
once again is obtained (up to O(1) factors). Since this
approach has ad-hoc assumptions, it still is incomplete
and requires development. Nevertheless, the approach is
interesting and for now accepting the assumptions, the
origin of particle creation and energy conservation are
clearly seen. In particular, the particle production rate
is given by
∫
(d3k/(2pi)3) _xq,χj(t)ωq,χj and similar to [11],
it can be shown this is equal to the vacuum energy loss
rate from the χj eld contribution, ηχj (ϕ) _ϕ
2.
Returning to Eq. (3), estimated magnitudes of energy
production will be obtained in the overdamped regime
of warm inflation, m2(φ) = m2φ + λϕ
2/2 < η2. In this
regime, the energy dissipated by the scalar eld goes into
radiation energy density ρr at the rate _ρr = −dEφ/dt =
η(ϕ) _ϕ2.
In [9] we have determined radiation production for two
cases (a). m(ϕ) > mχ > 2mψ, (b). mχ > 2mψ > m(ϕ).
To focus on a case typical for inflation, suppose the po-
tential energy is at the GUT scale V (ϕ)1/4  1015GeV
and we consider the other parameters in a regime consis-
tent with the e-fold and density fluctuation requirements
of inflation. Note, although this is a flat nonexpanding
spacetime analysis, since the dissipative eects will be
at subhorizon scale, one expects these estimates to give
a reasonable idea of what to expect from a similar cal-
culation done in expanding spacetime. Expressing the
radiation in terms of a temperature scale as T  ρ1/4r ,
we nd for case (a) 1GeV < T < 107GeV < H and for




Supercooled inflation has three parameters, related to
the potential energy magnitude V0, slope , and curvature
η, whereas there are four observable constraints (δH , Ag,
ns, ng). This implies a redundancy in the observations
and allows for a consistency relation [12]. This is usually
expressed as a relationship between the tensor-to-scalar
ratio and the slope of the tensor spectrum. Warm infla-
tion has an extra parameter, the dissipation factor, which
implies four constraints for four parameters. Hence we
do not expect the consistency relation of standard infla-
tion to hold in warm inflation [13]. Thus, to discrim-
inate between warm and standard inflation, it requires
a measure of all four observables. The upcoming MAP
and Planck satellite missions should provide strong con-
straints on the scalar spectrum and being equipped with
polarization detectors, it is hoped the tensor spectrum
also will be measured. Recently nongaussian eects from
warm inflation models were computed and found to be
too small to measure [14].
IV. CONCLUSION
The key point emphasized in this talk has been that
any typical inflaton eld theory model has interactions
and so dissipation can be an unexceptional consequence.
These dissipative eects have always been ignored, un-
justiably, in supercooled inflation, but as shown here
their eects can be nontrivial. The most signicant ef-
fect of dissipation is to completely alter the inflationary
regime from supercooled to warm. However, irrespec-
tive of the inflation regime, as discussed above and in
[6], dissipative eects before the inflation period may be
important in alleviating the initial condition problem.
Also, dissipative eects imply new realizations of ther-
mal inflation [15]. Moreover, dissipative eects can alter
density perturbations. In this talk we discussed the case
where dissipation leads to an ideal thermalized state, thus
with thermal density perturbations. However the oppo-
site limit can be considered from ideal thermalization to
that of negligible influence from the radiation eld on the
density perturbations, so that only the quantum fluctu-
ations contribute. Then simple calculations show warm
inflation models would not require ne tuning, so that
scalar potentials of reasonably large curvature would be
acceptable. The nature of density perturbations during
warm inflation still requires much investigation in partic-
ular to understand the interplay between radiation and
the scalar eld. In conclusion, this talk discussed how
dissipation during inflation could be robust and possi-
bly solve inflation’s most challenging dilemma, the scalar
eld ne tuning problem.
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